We examined the limitations imposed by neural factors on spatial contrast sensitivity for both isochromatic and isoluminant gratings. We used two strategies to isolate these neural factors. First, we eliminated the effect of blurring by the dioptrics of the eye by using interference fringes. Second, we corrected our data for additional sensitivity losses up to and including the site of photon absorption by applying an ideal-observer analysis described by Geisler [J. Opt. Soc. Am. A 1, 775 (1984)]. Our measurements indicate that the neural visual system modifies the shape of the contrast-sensitivity functions for both isochromatic and isoluminant stimuli at high spatial frequencies. If we assume that the high-spatial-frequency performance of the neural visual system is determined by a low-pass spatial filter followed by additive noise, then the visual system has a spatial bandwidth 1.8 times lower for isoluminant red-green than for isochromatic stimuli. On the other hand, we find no difference in bandwidth or sensitivity of the neural visual system for isoluminant red-green and S-coneisolated stimuli.
INTRODUCTION
The efficiency with which the visual system processes luminance and chromatic information has been measured with a number of different tasks that depend on stereopsis,1-3 temporal modulation sensitivity, 4 ' 5 motion perception, 6 8 accommodation, 9 " 0 border perception,"" 2 vernier acuity, 13" 4 and spatial contrast sensitivity. 5 -7 For separating the processing of luminance and chromatic information, isochromatic and isoluminant stimuli typically are used. Isochromatic stimuli are modulated in luminance but are uniform in chromaticity. Conversely, isoluminant stimuli are modulated in chromaticity but are uniform in luminance. Generally, performance is better for isochromatic than for isoluminant stimuli, at least when the task requires high-spatial-frequency information. The origin of this performance difference is unclear. Differences in sensitivity between isochromatic and isoluminant stimuli can be caused by effects of the dioptrics of the eye (e.g., diffraction and chromatic aberration), by optical factors of the cone mosaic (e.g., cone aperture, spatial sampling, and photopigment spectral responsivities), or by subsequent neural factors. In this paper we examine the limitations imposed by neural factors on spatial contrast sensitivity for both isochromatic and isoluminant gratings. We used two strategies to isolate these neural factors. First, by using interference fringes, we eliminated the effect of blurring by the eye's optics. Second, we corrected our data for sensitivity losses up to and including the site of photon absorption by applying an ideal-observer analysis. 1' 23 This paper provides estimates of the spatial bandwidth of the neural visual system for three different directions in color space: isochromatic, red-green isoluminant, and shortwavelength-sensitive-(S-) cone-isolated modulations.
Eliminating the Effects of the Eye's Optics
Measurement of red-green-isoluminant contrast sensitivity is complicated by the effects of axial and transverse chromatic aberration, both of which can contaminate the measurements by introducing a luminance artifact. 2 4 25 We have developed a new apparatus and psychophysical technique for measuring red-green-isoluminant contrast sensitivity that minimizes the possibility of such contamination. By using interference fringes, we eliminated the possibility of a luminance artifact caused by axial chromatic aberration. We eliminated the possibility'of a luminance artifact caused by transverse chromatic aberration by employing a new psychophysical technique in which equally luminant red and green interference fringes were drifted in opposite directions. A detailed treatment of our apparatus and technique is provided in the companion paper. 26 More generally, the use of interference fringes avoids blurring by the eye's optics. This provides two important advantages for the purposes of this paper. First, to compute neural efficiency it is necessary to compare realand ideal-observer performance. By avoiding blurring by the optics of our real observers, we avoid uncertainty in this comparison that would otherwise arise because the effects of the eye's optics are not entirely quantified, individual differences in optical quality exist, 27 and fluctuations in accommodation can affect performance even within a single individual. Second, avoiding blurring allows us to extend our red-green-isoluminant contrastsensitivity measurements to 20-27 cycles per degree (c/deg), depending on the observer, substantially higher than has been measured previously. ' 5 l 728 33 This allows us to compare performance for isochromatic and isoluminant stimuli at high spatial frequencies, which is the focus of this paper.
Computing Neural Efficiency
We estimate neural efficiency by comparing the spatial contrast sensitivity of real and ideal observers under similar stimulus conditions. Our ideal observer incorporates sensitivity losses that are due to optical factors up to and 0740-3232/93/102118-16$06.00 C 1993 Optical Society of America Sekiguchi et al. including photopigment absorption. Note that by optical factors we refer to effects of the photon noise, the anterior optics of the eye (e.g., cornea, lens, and ocular media), and the photoreceptor mosaic (e.g., cone aperture, spatial sampling, and photopigment spectral responsivities). We will refer to all subsequent factors as neural factors. We attribute differences between real and ideal observers to neural stages that follow photopigment absorption. In essence, the ideal observer reveals the impact of optical factors so that subsequent neural factors can be assessed independently.
We illustrate the value of this approach by describing two specific hypotheses that we are poised to test. First, consider the effect of the overlapping spectral responsivity of the long-wavelength-sensitive (L) and the middlewavelength-sensitive (M) cones. This overlap ensures that the highest physically realizable isoluminant contrast does not modulate the cones as much as does a 100% contrast isochromatic modulation. It has been suggested that if this overlap were taken into account, then the subsequent neural visual system might be equally efficient at detecting isochromatic and isoluminant gratings. A comparison of real and ideal observer performance for the same stimuli would permit a proper test of this hypothesis. 8 , 9 Previous attempts at such a comparison have been limited by uncertainty about optical blurring and by the limited spatial-frequency range of existing isoluminant contrast-sensitivity data. The data we present in this paper overcome these limitations. As a second example, Banks et al. 2 2 argued that the shape of the foveal contrastsensitivity function for isochromatic spatial modulations can be predicted without consideration of the properties of the neural visual system. We also examine this hypothesis with data that avoid uncertainty about optical blurring.
Next we describe the construction and performance of our ideal observer. Following that, we present corresponding psychophysical methods used with real observers and the results obtained. Together the two analyses allow us to compute neural efficiency for the detection of gratings modulated in different directions in color space.
PERFORMANCE OF THE IDEAL OBSERVER Methods
Overview. Our ideal observer is similar to the one developed by Geisler.
8 ' 20 The main difference between our analysis and Geisler's is that our ideal observer does not include blurring by the dioptrics of the eye. To compute ideal-observer performance, we simulate the performance of an ideal decision maker on a series of two-interval forced-choice trials. The ideal decision maker has access to the output of a model visual system that incorporates our best estimates of the optical factors that affect realobserver performance. Figure 1 shows the various stages of our ideal observer. Our simulation allows us to determine ideal-observer contrast sensitivity for gratings of different spatial frequencies modulated in different directions in color space.
Stimuli. Ideal-observer performance was computed for three types of grating stimulus, as shown in Fig. 2 . These gratings correspond to an isochromatic grating, a redgreen isoluminant grating, and an S-cone-isolating grating. The spectral compositions and retinal illuminances were the same as those used in our psychophysical experiments and are described later in this paper. For each type of grating we computed ideal-observer contrast sensitivity at a series of spatial frequencies. At each spatial frequency, contrast threshold corresponded to 75%-correct performance for the ideal observer on a two-interval forced-choice task. One interval contained the grating stimulus, and the second interval contained an identical field, except that it had no modulation at the grating frequency. Across spatial frequencies, the size of the grating patch was scaled so that 5 grating cycles were contained within 4 standard deviations of the Gaussian window.
Photon noise. Each stimulus was degraded by photon noise. This is the only source of noise in the ideal observer.
Ocular transmittance. We interpolated the data of Wyszecki and Stiles 34 on lens and macular pigment absorption in the average young eye for the specific wavelengths used in the psychophysical measurements discussed later in this paper. The ocular transmittance for the 441.6-, 514.5-, 580.0-, and 632.8-nm lights used were 12%, 40%, 58%, and 62%, respectively.
Cone aperture. We defined the aperture size (the full width at half-height) of each cone as 34% of the cone spacing. The cone-aperture size affects the shape of the contrast-sensitivity function for isoluminant and isochromatic stimuli in the same way. The cones function as waveguides, 3 5 and the efficiency of the photon capture in space can be approximated by a Gaussian function. MacLeod et al. 3 6 provided psychophysical estimates of the cone aperture, estimating that the full width at half- Because of the smaller eye of the monkey, these estimates of cone spacing are approximately 1.3 times larger than the spacing that is typical of the human fovea. However, cone spacing itself is not a critical factor in determining contrast sensitivity of the ideal observer, a point to which we return below. For the parafoveal cone mosaic, cone spacing varies less than in the fovea. The mean cone spacing across the whole mosaic is 1.1 min. We assumed that the relative population of S cones in the human fovea is approximately 5o, after Curcio et al. 37 However, there remains some uncertainty about the relative numbers of the L and M cones 39 4 3 and their packing geometry. In this study we have assumed that the ratio of L to M cones is 2:1, although this assumption is not particularly critical. In this study the three cone types were assigned randomly in both foveal and parafoveal cone mosaic models. The foveal model contained a tritanopic area 20 min in diameter centered on the location of highest cone density.
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Photopigment spectral responsivities. The absorption spectra used for the three cone types were those obtained height of the Gaussian is 0.225 aremin (the mean of three observers). We determined the ratio of the cone aperture diameter to the cone spacing by assuming that their result reflects the aperture size of the cones that are most closely packed (0.66 arcmin in center-to-center spacing). For parafoveal cones, the presence of rods in the parafoveal region may cause this rule to overestimate the coneaperture size. However, the proportion of area occupied by rods is very small (3.3%), and this does not produce a significant difference in the contrast-sensitivity estimates.
Trichromatic cone sampling. We used two models of the cone mosaic, as shown in Fig. 3 . Figure 3 . We used two cone mosaics to correspond to the two retinal locations at which our psychophysical data were obtained. We used a parafoveal location in addition to a foveal location because it avoids the tritanopic area` at the foveal center and corresponds to the region where S-cone density is highest. 37 Each cone mosaic model consists of a number of dots, each of which represents the center of one cone. Applying the Delaunay triangulation procedure, we estimated the center-to-center cone spacing of these cone mosaic models. with the suction electrode technique. 4 4 We assumed that the pigment density of each cone type was set at 0.44 log unit at the wavelength of its peak responsivity.
Ideal discriminator.
The ideal discriminator was a maximum-likelihood decision rule identical to that used by Geisler.'", 0 The ideal discriminator had access to the number of photopigment absorptions in each cone. The discriminator had exact knowledge of the distribution of the number of these photopigment absorptions for each stimulus.
Results
Figures 4(a) and 4(b) show the ideal observer's contrastsensitivity functions computed with the foveal and the parafoveal cone mosaic models, respectively. Vertical axes represent the reciprocal of the contrast of the component gratings that produce 75% correct response.
Slopes of the contrast-sensitivity functions. There are two factors that affect the slopes of the ideal observer's contrast-sensitivity functions. These are blurring by the cone aperture and the fact that size of the grating patch was inversely proportional to spatial frequency. (Recall that our ideal observer views interference fringes so that there is no blurring by the dioptrics of the eye.) All the contrast-sensitivity functions have slopes close to -1 on the log-log plot. For grating stimuli with a fixed number of cycles, the total number of photons reaching the receptor mosaic decreases as the square of the spatial frequency. It may be shown analytically that contrast sensitivity is proportional to the square root of the total number of photons absorbed. Thus, if the size of the grating patch were the only factor, the slopes of the contrastsensitivity functions would be exactly -1.1822 The actual slope is slightly greater than -1 as a result of blurring by the cone aperture. The cone aperture reduces the effective contrast, resulting in a modest further decline in contrast sensitivity with increasing spatial frequency.
Although the blurring by the cone aperture increases with its diameter, this difference is very small for our foveal and parafoveal locations. The slopes of the foveal and parafoveal curves depart appreciably only at high spatial frequencies beyond the range of interest here. In the plot, ideal-observer performance at spatial frequencies lower than 6.3 c/deg was extrapolated with a slope of -1 because the computations were thwarted by the limited size of our model cone mosaics.
Effect of Color Direction in Ideal-Observer Contrast Sensitivity
The effect of changing the color direction of the stimulus is to shift the ideal observer's contrast-sensitivity functions on the log-log plots vertically without changing their slopes. The lower sensitivity of the ideal observer to redgreen isoluminant stimuli relative to isochromatic stimuli is caused almost completely by the overlap of the spectral responsivities of the L and M cones. Our simulations indicate that neither the relative numbers of L and M cones nor their packing geometry contributes substantially to the shift. 45 This is because neither of these factors has a large influence on the total number of photopigment absorptions for either type of grating.
It has been suggested that the properties of the cone mosaic necessarily imply that the slope of the red-green isoluminant contrast-sensitivity function must be steeper than the slope of the isochromatic contrast-sensitivity function.' 3 Our ideal-observer calculations, however, agree with those of Geisler and indicate that any difference in the slopes of real-observer contrast-sensitivity functions must be due to neural factors. 8 The intuition behind this result is as follows. For both isochromatic and isoluminant gratings, the ideal observer makes optimal use of the information in both the L-and the M-cone submosaics. There are two differences in the way that isochromatic and red-green isoluminant gratings stimulate the two submosaics. First, as noted above, the contrast seen by each submosaic is generally lower for isoluminant than for isochromatic gratings. This difference is independent of spatial frequency and explains the overall vertical shift between the ideal observer's contrastsensitivity functions. The only other difference in the way that the stimuli affect the output of the mosaic is that the modulations seen by the L-and the M-cone submosaics have different spatial phase relationships for the two types of grating. The ideal observer has exact information about the stimulus, and its performance is not affected by this change in spatial phase.
The ideal observer's S-cone-isolated contrast-sensitivity function is shifted even lower than the red-green isoluminant contrast-sensitivity function, again without change in shape. The spectral responsivity of the S cones is sufficiently separate from that of the L and the M cones that the overlap in spectral responsivities plays only a minor role in this shift. The reduced sensitivity to Scone stimuli can be explained almost entirely by the decrease in the number of photopigment absorptions that are due to the low density of the S cones compared with the density of the L and the M cones 8 and the effective contrast (50% at maximum) of the S cones obtained from the S-cone stimulus. Note that the lowered sampling density of the S cones does not influence the shape of the ideal observer's contrast-sensitivity function. The fact that the stimulus is sampled sparsely by the S cones would affect the ability of the ideal observer to identify the spatial structure of fine gratings, as it does in real observers, 4 64 7 but is not relevant to the detection task. For different color directions, the vertical shifts in contrast sensitivity depend on the spectral composition of the stimuli. For our psychophysical measurements, in which the red-green isoluminant stimuli were produced with 632.8-and 514.5-nm gratings, the loss in sensitivity is -0.28 log unit relative to that for isochromatic stimuli generated with the same gratings. Our S-cone stimuli were produced with a 441.6-nm grating superimposed upon a 580-nm background, which results in a loss of -1.05 log units relative to our isochromatic stimuli. The shifts in ideal-observer contrast sensitivity with the color direction of the stimuli provide a quantitative measure of the difference in contrast sensitivity that we should expect even when there is no difference in the neural efficiency with which the stimuli are detected. Following Jordan et al.,' 9 we will apply these shifts to the contrast sensitivity data of real observers, allowing us to compare performance for isoluminant and isochromatic stimuli on a single ordinate.
PERFORMANCE OF REAL OBSERVERS

General Methods
Isochromatic and red-green isoluminant fringes. As 26 described in detail in the companion paper, we have developed a new apparatus and psychophysical technique to extend red-green isoluminant contrast-sensitivity measurements to high spatial frequencies. The apparatus consists of two identical laser interferometers that are designed to produce phase-locked two-color interference fringes on the retina without the influence of diffraction and most aberrations in the eye. We formed a grating by superimposing red (632.8-nm) and green (514.5-nm) interference fringes of equal spatial frequency, orientation, and space-averaged retinal illuminance. The space-averaged retinal illuminances of the two interference fringes were equated for each observer by flicker photometry. We presented all fringes in a circular field windowed by a Gaussian transparency 2 6 to eliminate the possibility of an edge artifact. 48 49 The fringes were superimposed upon a spatially uniform incoherent background 6 deg in diameter. The background was the superposition of two monochromatic fields of the same wavelengths as the fringes. The retinal illuminances of the two background components were equal. The purpose of the incoherent background was to reduce the influence of speckle masking.5 0 In most of the measurements the proportion of the total retinal illuminance that was coherent light, which we refer to as the coherent fraction, was 9%. For the higher spatial frequencies, where contrast sensitivity is low, the coherent fraction was 48%.
At the beginning of each session, the contrast of both fringes was set to zero and the observer adapted to the test field for 1 min. The red and the green fringes were then made to drift slowly in opposite directions at 0.25 Hz. Drifting of the two fringes guarantees that both a purely isochromatic and a purely isoluminant stimulus will be presented during each cycle of stimulus presentation despite small movements of the observer's head and eyes. The spatial profiles and the wavelength composition of the stimulus for the isochromatic and red-green isoluminant fringe phases are shown in Fig. 2 . We developed and used this drifting technique to avoid contamination of our measurements by luminance artifacts, as discussed in the companion paper.2' The contrasts of the two fringes were equal, and the observer adjusted the contrasts of both fringes simultaneously to find threshold. To measure isochromatic contrast sensitivity, the observer adjusted the contrast until the luminance modulation was just detectable. To measure isoluminant contrast sensitivity, the observer adjusted contrast until the red and green modulation was just detectable.
The observer could have used either of two subjectively distinct criteria to set contrast threshold for isoluminant stimuli. Consider the case at high spatial frequencies, where the isochromatic modulation of the stimulus is more salient than the isoluminant modulation at any stimulus contrast. Either the observer could have adjusted the contrast so that there was a very brief time during each stimulus period when no modulation whatsoever was visible (when the red and the green gratings were out of phase) or he could have adjusted the contrast until no chromatic stripes were visible at any time during each stimulus period. Usually observers used the latter criterion. However, control experiments showed that these two criteria produced estimates of contrast sensitivity that were not significantly different, suggesting that the isoluminant contrast-sensitivity measurements are not contaminated by luminance artifacts or aliasing effects.
We also validated the technique by showing that the contrast-sensitivity estimates that it produces are similar to those obtained with conventional static fringe stimuli and forced-choice methods. 26 Typically, the observer first made four settings for isochromatic contrast threshold and then made another four settings for isoluminant contrast threshold. For each condition, at least eight settings were made in two or three sessions on different days.
We used this technique at two retinal locations: the fovea and 1 deg in the temporal retina. The flickerphotometric measurements were always made at the site of stimulus presentation. The adjustment of the fringe spatial frequency and orientation that was required for the fringes to be brought into register 2 6 was made in the fovea to increase the accuracy.
S-cone isolated fringes. The S-cone isolated stimulus was similar to the red-green stimulus in both spatial and temporal factors. It consisted of a violet (441.6-nm) interference fringe superimposed upon an incoherent yellow (580-nm) background, as shown in Fig. 2 . We produced the 441.6-nm fringe by using one of the two interferometers but with a He-Cd laser source. The violet fringe was presented in a circular field windowed by a Gaussian
transparency. 2 6 The yellow background was a spatially uniform circular field of 6-deg diameter, and its radiance was set at 84000 trolands (Td) (11.1 log quanta sec'1 deg 2 ). The purpose of the intense yellow background was to isolate the S cones. 46 47 A fixation mark, which appears as a dark cross, was presented on the background field so that the violet fringe lay at 1 deg in the temporal retina. We chose this location to avoid the influence of the tritanopic area and to center the stimulus on the retinal location with the highest S-cone density. 3 7 51 -53 Before the measurements, the observer adapted for 2 min to the background and test field, which was temporarily set at zero contrast. To equate the temporal factors of the S-cone stimuli to those of the red-green stimuli, we modulated the contrast of the violet fringe sinusoidally in counterphase at 0.5 Hz. The emergence of the peak contrast was marked by a short tone. Contrast threshold was measured by the method of adjustment, and the observer made four settings of contrast threshold for each spatial frequency. In a single session all spatial frequencies to be tested were presented in random order.
EXPERIMENT 1: EFFECT OF RETINAL ILLUMINANCE
The efficiency of the neural visual system for detecting gratings is known to depend on a number of stimulus parameters other than spatial frequency and color direction of the grating. Following Banks et al., 2 2 we have adopted the approach of choosing values for these parameters to maximize the efficiency of the neural visual system. Experiment 1 examines the effect of retinal illuminance on real-observer contrast sensitivity for all three color directions. This calls for obtaining measurements at retinal illuminances for which the visual system obeys the de Vries-Rose square-root law. In addition, using such illuminances ensures that differences in efficiency for detecting fringes in different color directions cannot be attributed to retinal illuminances. For example, if we chose a retinal illuminance for isochromatic measurements that was in the Weber region, in which the contrast sensitivity was constant regardless of retinal illuminance while the S-cone-isolated measurements were in the square-root-law region, the difference in the vertical positions of the curves would be distorted by the effect of retinal illuminance. The goal of experiment 1 is to establish retinal illuminances for which detection obeys the squareroot law for all three color directions. We made the measurements at spatial frequencies within the range of interest.
Methods
Foveal contrast sensitivities for isochromatic and redgreen isoluminant stimuli were measured as a function of retinal illuminance. The fringe spatial frequency was set at 10 c/deg. The test stimuli were presented at the fovea with a coherent fraction of 9%. Five retinal illuminance levels were tested: 100, 250, 500, 1000, and 2000 Td.
Parafoveal contrast sensitivities for isochromatic, redgreen isoluminant, and S-cone-isolated stimuli also were measured. The red-green isoluminant measurements were made at 8 c/deg with a coherent fraction of 48%.
The S-cone-isolated measurements 2 and 5 c/deg. Four retinal illuminance levels were tested for isochromatic and red-green isoluminant stimuli: 100, 250, 500, and 1000 Td. Four retinal illuminance levels were tested for the S-cone-isolated stimuli at 2 c/deg, and two levels were tested at 5 c/deg; the highest level in this series was the maximum intensity obtainable with our apparatus, 8.0 log quanta sec-1 deg 2 (441.6 nm) and 11.1 log quanta sec'1 deg-2 (580 nm). For both foveal and parafoveal measurements, the intensity series was produced by placement of neutral-density filters right before the final Maxwellian lens, which changed the total retinal illuminance level while keeping the proportions of various stimulus components constant. The test stimulus always contained 5 cycles of the fringe within 4 standard deviations of the Gaussian window, and retinal illuminance is specified for the center of the Gaussian window.
Results
The results from observer NS are shown in Fig. 5 for the fovea and in Fig. 6 standard error of the mean of eight settings. For the foveal isochromatic stimuli, contrast sensitivity increases with retinal illuminance, and the slope becomes shallower at -1000 Td. This finding is consistent with those of earlier studies. 2 2 54 55 The solid lines in these figures have a slope of 0.5 on a log-log plot, which represents the way in which ideal-observer performance increases with retinal illuminance. This is the familiar de Vries-Rose squareroot law. The lines has been vertically shifted by the eye to fit the psychophysical data. For all color directions at both retinal locations the data clearly show regions where sensitivity obeys the square-root law. In the remaining experiments we used a retinal illuminance (at the center of the Gaussian envelope) of 500 Td for the isochromatic and the red-green isoluminant measurements and 2.6 Td (8.0 log quanta sec'1 deg-2 ) for the S-cone-isolated measurements.
EXPERIMENT 2: EFFECTS OF GRATING SUMMATION AREA Experiment 2 measures the grating summation area for all three color directions. Because we wanted to compare real and ideal performance using stimulus parameters that maximized the real observer's efficiency, we chose the sizes of the grating patches to be smaller than the grating summation area for our main measurements. In addition, using such grating sizes ensures that differences in efficiency for detecting fringes in different color directions cannot be attributed to differences in grating summation for different color directions.
Methods
Contrast sensitivity for red-green-isoluminant, isochromatic, and the S-cone-isolated interference fringes was Results Figure 7 shows the foveal results, and Fig. 8 shows the parafoveal results. Horizontal axes represent the number of fringe cycles, and vertical axes represent contrast sensitivity. The solid lines in all panels show a slope of 1 on a log-log plot that represents the performance of the ideal observer.' 8 The lines have been shifted vertically by eye to fit the psychophysical data. Taken as a whole, the results indicate that the grating summation area for both observers is at least 5 cycles within 4 standard deviations of the Gaussian window for all color directions at both retinal locations. Therefore we used gratings containing 5 cycles in all the subsequent experiments.
Having now established appropriate retinal illuminances and fringe sizes, we are poised to obtain contrastsensitivity measurements on real observers that can be compared with those of the ideal observer.
EXPERIMENT 3: FOVEAL CONTRAST-SENSITIVITY FUNCTIONS Methods
We measured contrast-sensitivity functions in the fovea for isochromatic and red-green-isoluminant fringes. In a single session all spatial frequencies to be tested were presented in random order. One experimental session lasted 2-3 h, including three or four intermissions of approximately 10 min. At least two sessions were run on different days for each observer. Three normal trichromats (OP, SG, and NS) served as observers. Two of them (OP and NS) had considerable experience in psychophysical experiments with interference fringes.
For each observer we used a coherent fraction of 9% for low to middle spatial frequencies and 48% for high spatial frequencies. The coherent fraction determines the highest-possible grating contrast. The higher coherent fraction was required at high spatial frequencies because of the observers' low contrast sensitivity. Williams 0 studied the effect of masking by laser speckle on isochromatic gratings. His results suggest that the present data obtained with a coherent fraction of 48% probably are affected by speckle masking, whereas those with 9% coherent fraction are not. Following Williams's procedure, we measured the effects of speckle masking by measuring the ratio of contrast sensitivities for coherent fractions of 9% and 48% at a single spatial frequency. The measured ratios were similar to those reported by Williams 5 0 and varied between 0.07 and 0.35 log unit for different observers and color directions, but there was no systematic pattern to this variation. We corrected for the effect of speckle masking for each observer by multiplying the sensitivities obtained with the coherent fraction of 48% by this measured ratio. This method of compensating for speckle masking is based on the assumption that speckle masking is constant with spatial frequency. This assumption has been tested for isochromatic gratings, for which it was found to be approximately true over the range of spatial frequencies examined here. 50 
Results
The top panels of Fig. 9 show foveal isochromatic and redgreen isoluminant contrast-sensitivity functions for three The vertical axes in the top panels show log contrast scaled by the results of our ideal-observer analysis, which allows us to plot contrast-sensitivity functions for all our color directions on a single ordinate. In this figure the contrast-sensitivity curves for the red-green isoluminant fringe were shifted 0.28 log unit upward relative to those for the isochromatic fringe. Differences between contrast sensitivities plotted on this ordinate indicate differences in neural efficiency. The red-green isoluminant contrast-sensitivity function declines faster than the isochromatic contrast-sensitivity function. The bottom panels show the ratio of real-to idealobserver performance explicitly. The results show that the ideal observer is much more sensitive (10-30 times) than the real observer, which is consistent with previous studies for isochromatic stimuli. 2 2 If the shape of the contrast-sensitivity function were determined only by optical factors, then the plot of the ratio would not vary with spatial frequency. For both isochromatic and red-green isochromatic stimuli, however, the plot of the ratio has a bell-like shape for all observers.
EXPERIMENT 4: PARAFOVEAL CONTRAST-SENSITIVITY FUNCTIONS
Methods
We measured contrast-sensitivity functions in the parafovea for red-green isoluminant and the S-cone-isolated fringes. In a single session all spatial frequencies to be tested were presented in random order. One experimental session lasted approximately 2 h, including two or three intermissions. At least two sessions were run on different days for each observer. The isoluminant and the isochromatic contrast-sensitivity functions were measured with the psychophysical technique. Two color normals (OP and NS) served as observers. We compensated for speckle masking as we had for the foveal measurements.
Results
The top panels in Fig. 10 show the red-green isoluminant and the S-cone contrast-sensitivity functions for two observers. Error bars represent ±1 standard error of mean, although most of them are smaller than the symbols.
As before, the ordinate employs the equivalent contrast metric derived from the ideal observer. The S-coneisolated and the red-green isoluminant contrastsensitivity functions have the same shape. Furthermore, the two functions are superimposed vertically, indicating that these two types of grating are detected by neural mechanisms that have the same efficiency.
The bottom panels of Fig. 10 show the ratio of real-to ideal-observer performance. The ideal observer is much more sensitive (40-100 times) than the real observer. This ratio is higher than that found in the fovea. For both color directions, the plots of the ratio decrease with spatial frequency, suggesting that neural efficiency declines with increasing spatial frequency.
DISCUSSION
Comparison with Previous Measurements of Isoluminant Contrast Sensitivity
Previous studies of red-green isoluminant contrast sensitivity have attempted to avoid luminance artifacts that are due to chromatic aberrations. Some investigators have used achromatizing lenses to correct the axial chromatic aberration.' 5 29 ' 3 0 However, achromatizing lenses do not correct for transverse chromatic aberration and chromatic parallax. 25 ' 5 6 Noorlander et al. 3 1 precisely positioned a 2.5-mm artificial pupil to reduce the effects of chromatic parallax but did not pay special attention to axial chromatic aberration. With a 2.5-mm pupil, the depth of focus is -0.3 D, 57 which is smaller than the focusing error between red and green lights (e.g., 0.52 D between 520 nm and 620 nm), so this does not completely eliminate the effects of axial chromatic aberration.
Granger and Heurtley,' 6 without correcting chromatic aberrations, measured the contrast sensitivity based on color appearance. Their data do not permit an estimate of the neural factors affecting isoluminant contrast sensitivity, because the retinal contrast of their test stimuli is not known.
Mullen' 7 ' 32 and Anderson et al. 3 3 had independent control of the parameters defining their red and green gratings. They placed the two gratings at different distances from the observer's eye to compensate for the axial chromatic aberration. Moreover, they allowed the observer to control the two grating spatial frequencies to compensate for the magnification error caused by transverse chromatic aberration. Their results are the most directly comparable with the data obtained in this study.
In Fig. 11 our foveal red-green isoluminant contrastsensitivity functions (filled symbols) are plotted, along with those obtained by Mullen' 7 and Anderson et al. 3 3 Different wavelengths were used in the different studies, but we have compensated for this by applying the equivalent contrast metric. Moreover, to compensate for the difference in the retinal illuminance level of the grating stimuli, we shifted the data from Mullen1 7 upward in accordance with the square-root (de Vries-Rose) law. Although the data from previous studies were obtained with larger test stimuli, this is not a problem here because these stimuli are much larger than the grating summation area 3 3 respectively. The data are plotted with the equivalent contrast metric to compensate for the difference in the stimulus conditions. for the isoluminant stimuli. Despite similar experimental conditions and techniques, the data from Mullen' 7 and Anderson et al. 3 3 differ from each other by -0.5 log unit at high spatial frequencies. The reasons for this difference are unknown. The data from Anderson et al. 33 seem to agree with our data, although contrast sensitivity is slightly lower in those of Anderson et al. at the highest spatial frequencies. Presumably this difference is due to optical blurring, which was a factor in their study but not in ours.
Grating Summation Area
The mechanism underlying the grating summation area is unclear, but it may be explained by the number of contrast detectors across which probability summation provides an improvement in sensitivity 5 8 or by the number of cortical neurons from which a central integrator receives converging input. 5 9 Whatever the mechanism, the use of a constant number of cycles at all spatial frequencies in our psychophysical measurements prevents the grating summation area from limiting human performance.
Since there is no such limitation from the grating summation area in ideal-observer performance, the effect of the grating summation area would have dominated our estimates of neural efficiency if we had used a grating patch of fixed size. Thus the estimates of neural efficiency intentionally exclude the large effects of the grating summation area.
Several previous reports have shown that the detection of isochromatic gratings is improved by an increase in the number of cycles presented up to a critical number of approximately 8-20 cycles, beyond which the contrast sensitivity reaches an asymptotic level.
3 158 66 Our estimates of the isochromatic summation (5 cycles) area are lower than those of previous studies.
Our results, at the relatively high spatial frequencies that we used, show that the visual system possesses similar grating summation properties for isochromatic, redgreen isoluminant, and S-cone-isolated gratings. This is true at both retinal locations that we tested. Mullen 32 provides psychophysical estimates of the summation properties for red-green isoluminant modulations at lower spatial frequencies (0.24-3.2 c/deg). Her estimates of the critical number of cycles are lower than ours (1-3.5 cycles) and may indicate a spatial-frequency dependence of the summation area for red-green isoluminant gratings similar to the dependence that exists for isochromatic gratings.
In our data the grating summation area tends to become less clear in the parafovea, in particular for observer OP. The peripheral data from Robson and Graham's study 8 also show this tendency. The grating summation area is presumably affected by retinal inhomogeneity. The fovea generally has higher contrast sensitivity at all spatial frequencies, so that increasing field size there eventually encroaches on less-sensitive surrounding retinal regions. Just the opposite is true for fields centered in the parafovea. As their size is increased, they eventually encroach on the more-sensitive fovea. Thus retinal inhomogeneity could reduce the size of the grating summation area in the fovea and enlarge it in the parafovea.
Neural Efficiency for Detecting Isochromatic Gratings
A major result of this study is that the ideal observer fails to predict the shape of the real observer's isochromatic contrast-sensitivity function at high spatial frequencies. As shown in Fig. 12 , previous interferometric data are consistent with this conclusion. In the top panel of Fig. 12 we compare the interferometric contrast-sensitivity functions measured by Williams 5 0 with those predicted by our ideal observer. These data were obtained with a fixed field size. To take this into account in generating the ideal-observer prediction, we assumed that the ideal observer had a grating summation area with a diameter inversely proportional to spatial frequency. The different symbols represent the data from different observers in Ref. 50 , and the solid curve represents the corresponding ideal observer's contrast-sensitivity function. The bottom panel shows the ratio of the real to the ideal observer's contrast sensitivity. The resulting functions are not flat and resemble the results shown in Figs. 9 and 10 . The discrepancy systematically increases with spatial frequency higher than 30 c/deg and reaches 0.2-0.55-log-unit difference at 60 c/deg. We considered the possibility that masking by laser speckle might have altered the shape of the real observer's contrast-sensitivity function. Our use of an incoherent background, which is speckle free, was designed to minimize these masking effects. In any case, the effects of speckle masking tend to decline with increasing spatial frequency.
5 0 Thus any residual speckle masking would make the measured falloff in contrast sensitivity shallower than it would be in the absence of speckle. This would reduce, not increase, the apparent size of the neural losses that we have identified.
The result that neural efficiency declines somewhat with increasing spatial frequency is inconsistent with the conclusions of Banks et al., 2 2 who argued that all the highspatial-frequency falloff in isochromatic contrast sensitivity could be attributed to optical factors. We consider two possible reasons for the difference. One is that our estimate of cone aperture is too small. However, we determined the size of the cone aperture that was necessary in the ideal observer to make neural efficiency independent of spatial frequency. We found that the cone aperture would have to be -1.5 times larger than the cone spacing, which is unlikely to be the case. Banks et al. 2 2 assumed that the diameter of the cone aperture is equal to the cone spacing, which is probably too large. 36 ' 67 This would steepen the ideal observer's falloff of contrast sensitivity at high spatial frequencies and tend to hide a loss in neural efficiency. A second possible reason is that Banks et al. may have used estimates of the optical quality of the human eye that were too low. This would also steepen the falloff of their ideal observer's contrast sensitivity. An advantage of our study is that we do not require any assumptions about the optical quality of the eye's dioptrics.
Chen et al. 6 " support our view with an entirely different experimental method. They measured contrastsensitivity functions for distortion products obtained by the addition of two interference fringes of different spatial frequency or orientation. Observers perceive the distortion product as much coarser stripes than the original fringes because of a nonlinearity of the visual system that presumably exists in the early retina. Their contrastsensitivity data also show falloffs at high spatial frequencies, suggesting the presence of neural blurring.
Relative Neural Efficiency for Detecting Red-Green Isoluminant and S-Cone Isolated Gratings
A major result of this study is that when we plot contrast sensitivity using an ordinate that takes optical factors into account, the contrast-sensitivity functions for red-greenisoluminant and S-cone-isolated fringes have the same shape and vertical position (see Fig. 10 ). The agreement is surprisingly good, especially given that the ideal- observer parameters were taken from the literature and were not adjusted to bring the two curves into alignment. The agreement implies that the neural mechanisms responsible for detecting stimuli in these two color directions have similar sensitivity and spatial properties. If performance is limited by the structure of the receptive fields, then our result predicts that the receptive fields of units tuned for red-green isoluminant and S-coneisolated stimuli will have similar spatial profiles. The difference seen between red-green isoluminant and Scone-isolated gratings when contrast sensitivity is plotted in a conventional manner can be explained primarily by the low photon catch of the sparse S-cone submosaic. This effect is tempered by the spectral overlap of the Land the M-cone responsivities that affect red-green isoluminant contrast sensitivity. Despite this result, we are not arguing that the resolution limits for red-green isoluminant and S-cone-isolated gratings are the same. Our results from this study and from the companion paper suggest that the resolution limit for red-green isoluminant stimuli is 20-27 c/deg. Resolution for S-cone stimuli is limited by ambiguity that arises because of the low sampling rate of the S-cone submosaic.
The corresponding sampling limits for red-green isoluminant stimuli are higher. The ideal-observer analysis shows that spatial sampling by the cone mosaic does not influence the shape of the contrastsensitivity function. Spatial sampling does affect the vertical position of the contrast-sensitivity function through its influence on photon catch. These results are consistent with theoretical arguments 4 76 9 that spatial sampling does affect the contrast-sensitivity functions of real observers in the spatial-frequency range where gratings can be resolved. Above this range, aliasing by the cone mosaic can influence the shape of real observers' contrast-sensitivity functions, 70 because aliasing changes the spatial-frequency content of the stimulus and because neural efficiency for real observers depends on spatial frequency.
Relative Neural Efficiency for Detecting Isochromatic and
Isoluminant Gratings
Our results show that the neural efficiency for detecting isoluminant gratings falls more steeply with increasing spatial frequency than that for isochromatic gratings.
Because we have taken care to remove optical factors, such as chromatic aberration, from this comparison, the overlap in the L-and the M-cone spectral responsivities and the scarcity of S cones cannot account for this difference. The difference must be due to neural factors. There are two qualitatively different ways to explain the difference in neural efficiency for detecting isochromatic and isoluminant gratings. One possibility is that there is an additional sensitivity loss for isoluminant stimuli in the visual system that does not depend on spatial frequency. In this case an additional vertical shift of the isoluminant contrast-sensitivity functions would be expected to provide a good fit to the isochromatic contrast-sensitivity function. However, more than 1 log unit of vertical shift is required for bringing the isoluminant contrast-sensitivity functions into alignment at high spatial frequencies, and then the functions do not overlap at moderate spatial frequencies. Furthermore, this magnitude of vertical shift pushes the red-green-isoluminant contrast-sensitivity function above the theoretical limit imposed by the idealobserver contrast-sensitivity function. Although we cannot rule out some spatial-frequency-independent sensitivity loss, such a loss alone cannot explain the difference in neural efficiency for isochromatic and isoluminant stimuli.
A second possibility is that there is a difference in spatial bandwidth of the neural visual system for isoluminant and for isochromatic stimuli. In this case, a horizontal shift of the isoluminant contrast-sensitivity functions should permit a good fit with the isochromatic contrastsensitivity function at high spatial frequencies. Figure 13 shows the fit between the foveal isochromatic and the redgreen isoluminant contrast-sensitivity functions after the isoluminant function has been shifted horizontally 0.25 log unit (factor of 1.8). The fit is good at moderate and high spatial frequencies. At low frequencies the fit is not good because of the well-known bandpass character of isochromatic contrast sensitivity. The same shift was required for all three observers. The good agreement at moderate and high spatial frequencies suggests that the difference between isochromatic and isoluminant contrast sensitivity is due to a difference in spatial bandwidth rather than to a loss of sensitivity that is independent of spatial frequency. At low temporal frequencies where our measurements were made, the spatial bandwidth of the neural visual system for isochromatic stimuli is roughly twice that for isoluminant stimuli.
Neural Efficiency for Isoluminant Stimuli at Low Spatial Frequencies
Despite the fact that the isoluminant contrast-sensitivity functions decline monotonically with increasing spatial frequency, their corresponding neural-efficiency functions initially rise and then decline. This low-frequency cut in neural efficiency is consistent with other psychophysical results. 7 " It may be due to a decline in the number of cycles in the summation area at low spatial frequencies. Alternatively, it may reveal the action of multiplicative or subtractive mechanisms of chromatic adaptation. The magnitude of the low-frequency cut is smaller for isoluminant stimuli than for isochromatic stimuli, and this may reflect different demands on the adaptive mechanisms that protect the visual system from saturation. Mechanisms that are sensitive to isochromatic stimuli must cope with a huge dynamic range of overall light intensities in the visual environment. These changes in light intensity generate small changes in the differences among the outputs of cones (i.e., chromatic signals). Consequently, the amount of chromatic adaptation required for avoiding saturation should be less for isoluminant than for isochromatic stimuli. 7 2 Chaparro et al. 7 3 have recently reported that color is what the eye sees best. This conclusion was based on asking what threshold stimulus has the smallest contrast energy. Our neural-efficiency measure captures a similar notion of how well the eye sees. Our efficiency measurements do show a superiority for isoluminant stimuli at low spatial frequencies. Maximum neural efficiencies in our experiment, however, occur for isochromatic stimuli at moderate spatial frequencies in all three observers. Direct comparison of the two sets of results is hampered by the fact Chaparro et al. made their measurements with small circular test flashes, while we used extended grating stimuli.
Spatial-Filtering Model of Neural Efficiency for Different Color Directions
In this subsection we assume that the changes in neural efficiency that we have observed are the result of a spatial filter (the bandwidth of which depends on color direction) followed by additive spatial-frequency-independent noise.
We then ask what properties this spatial filter would have to have in order to account for our neural efficiencies.
We restrict our analysis to the neural-efficiency estimates at high spatial frequencies, avoiding complications introduced by the bandpass nature of the isochromatic contrastsensitivity function and by uncertainty about the grating summation area at low spatial frequencies. If this hypothetical spatial filter were implemented with a neural point spread, then our analysis could be interpreted as examining the spatial profile of the neural receptive field center, which dominates performance at high spatial frequencies.
To calculate the spatial-filter properties, we fitted a Gaussian function to the high-frequency portion of the ratio between real and ideal contrast sensitivity in the fovea. We then computed the Fourier transform of this Gaussian to obtain the profile of a spatial filter that could account for our results. The results of this calculation are shown in Fig. 14 . The bottom row of the figure shows the point-spread function of the dioptrics of the eye. 57 The next row up shows the row spacing of the cones, 0.54 min in the fovea and 0.95 min in the parafovea. The Gaussian functions that appear immediately above the cones represent the profiles of foveal cone apertures, the full widths at half-height of which are 0.23 min in the fovea and 0.40 min in the parafovea. 3 7 The Gaussian functions in the top three rows represent the profiles of the estimated neural point spread for the isochromatic, the red-green isoluminant, and the S-cone-isolated gratings. In the fovea the size of the neural point spread, in terms of full width at half-height, is 0.71 min for isochromatic gratings and 1.53 min for red-green-isoluminant gratings. These are 3.1 and 6.8 times larger, respectively, than cone-aperture size at the foveal center. Note that the ratio of the computed neural point-spread sizes (2.15) is slightly greater than the measured bandwidth difference (factor of 1.8) between isochromatic and isoluminant stimuli. This is because the bandwidth difference includes the effects of blurring by the cone aperture as well as the subsequent neural blurring. At an eccentricity of 1 deg, the size of the neural point spread is 2.89 min for both red-green isoluminant stimuli and S-cone-isolated 
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stimuli. This is 7.2 times larger than the parafoveal cone-aperture size. The neural point spread for the isochromatic gratings is somewhat larger than the area of a single cone. Although this point-spread function must have a neural origin, it is comparable in size with the point-spread function of the eye's dioptrics. 57 It makes sense that the optical and the neural blurring are similar, since there would be little evolutionary pressure for one to be considerably different from the other. If there were a difference, it would not result in much improvement in performance. The physiological mechanism that produces this neural blurring is not known. If ganglion-cell receptive-field centers receive input only from single cones, 7 6 -5 0 then the fact that the neural point-spread function is larger than the area of a single cone means that the neural blur must occur at a central site. However, the functional connectivity of cones to retinal ganglion cells is not well enough known to permit us to exclude the possibility that neural blurring occurs as a result of lateral connections in the retina.
Recently Chen et al. 6 " reported slightly larger estimates for the neural point spread (0.9 min in terms of full width at half-height) than ours (0.7 min). They obtained estimates with the contrast sensitivity for the nonlinear distortion product without removing the effect of grating summation area. Since their point spread was calculated based on a deviation between the contrast sensitivity and a constant value (i.e., slope of 0), their estimates would be larger than those calculated with a slope of -1, as in the case of fixed number of grating cycles. (From our calculation, the point-spread function obtained based on a slope of 0 provides roughly 1.4 times larger estimates than that based on a slope of -1.) Other factors to be considered are relatively large individual differences in contrast sensitivity, as reported by Williams. 50 Moreover, in the study of Chen et al., 6 " perhaps the size of the distortion product was not fixed, because the visible area of the distortion product usually decreases with increasing spatial frequency. Considering these factors, we can say that there is reasonable agreement between the two studies on the estimates of neural point-spread function.
The neural point-spread function for the red-greenisoluminant gratings covers an area that contains an even larger number of cones. The S-cone signals are also processed with a more-or-less similar neural point-spread function. For S-cone-isolated stimuli, however, the sparse number of S cones (5-10% of total cone population 37 51 l 53 ) means that no more than two cones could feed the center to any substantial extent.
Models have been proposed by Ingling and Martinez, 81 Rohaly and Buchsbaum, 2 8 3 Kelly, 84 and Ingling" 5 to provide accounts of the difference between isochromatic (bandpass) and isoluminant (low-pass) contrast sensitivity at low spatial frequencies in terms of the properties of center-surround units. However, these models in their current forms do not predict the difference in neural bandwidth that we have observed at high spatial frequencies.
